Stratocumulus clouds around the globe tend to organize into cellular patterns, a phenomenon that has been primarily studied for the subtropical trade wind region. However, stratocumulus are also prevalent in high latitudes, where they often occur as mixed-phase clouds. Yet little research has been conducted regarding mechanisms of cloud organization in the mixed-phase regime. In cloud-resolving model simulations we investigate the processes driving organization in open-cell mixed-phase stratocumuli. Similar to warm-phase clouds, mixed-phase clouds develop a subcloud circulation of evaporated/sublimated precipitation, cold pool formation, and consecutive updrafts driving new convective cells. For a larger ice to liquid water ratio, we find locally stronger precipitation and larger cloud cells. Hence, a higher concentration of ice nucleating particles can induce a breakup of the stratocumulus organization, with implications for the radiative balance at the surface. A decrease in cloud condensation nuclei concentration is also found to intensify precipitation and impact cloud organization.
Introduction
Around the globe, boundary layer clouds such as shallow cumulus or stratocumulus may organize into different cellular structures (e.g., Wood, 2012) . The study of these different cloud morphologies has received growing interest in recent years. It has been shown that cloud organization and transitions between cloud regimes can significantly alter the radiative properties of the entire cloud field (McCoy et al., 2017) . Such transitions are governed by a variety of environmental factors such as cloud top entrainment (Xiao et al., 2010) , large-scale subsidence (Randall & Suarez, 1984; Sundararajan & Tjernström, 2000; Young et al., 2018) , lower-tropospheric stability (Wood & Bretherton, 2006) , the ambient aerosol concentration (Xue et al., 2008; Wood et al., 2011) , decoupling of the cloud layer from the surface , or precipitation and drizzle formation (Savic-Jovcic & Stevens, 2008; Wang & Feingold, 2009 ). The latter has been found to be a key component of evaporative cooling, cold pool formation and a driver of cloud organization (Haerter et al., 2017; Haerter & Schlemmer, 2018; Seifert & Heus, 2013; Xue et al., 2008) . Organized cloud structures have been frequently observed in the subtropical trade wind region (Bretherton & Blossey, 2017; Wood & Hartmann, 2006) . In high latitudes they have so far been attributed to frontal features in low-pressure systems (Naud et al., 2016) or cold air outbreaks (Abel et al., 2017) .
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Key Points:
• Mixed-phase clouds in the Arctic feature organized open-cell structures, similar to warm-phase stratocumuli • For an ice to liquid water path ratio of 1:2, ice processes strengthen cold pools and impact cell size • A reduction of the cloud condensation nuclei concentration also impacts precipitation intensity, cold pool strength, and cell size Cloud types span a multitude of thermodynamic states. Clouds can either consist purely of ice crystals or water droplets or they can be mixed phase. Even though mixed-phase clouds (MPCs) are thermodynamically unstable, they occur worldwide, mainly in areas of deep convection (Rosenfeld & Woodley, 2000) , mountainous terrain (Lohmann et al., 2016) , or the polar latitudes (Morrison et al., 2011; Shupe et al., 2006) . While former analyses of cloud organization have been limited to warm clouds in the lower latitudes, there is visual evidence from satellite data that high-latitude MPCs may also organize into different morphological regimes, even far away from large-scale synoptic features ( Figure 1 ). Although visually their organization appears similar to that observed in the subtropics, on a process level it might be hypothesized that the cloud ice phase impacts cloud cell growth and dissipation. Cloud ice increases precipitation (Field & Heymsfield, 2015; Knight et al., 2002) , which in turn is crucial for regime transitions and cloud dissipation (as shown for a cold air outbreak in model simulations by Abel et al., 2017) . Hence, the ice phase may influence the spatial and temporal scales of organization. However, the detailed mechanisms driving organized cloud structures and the specific role of the different thermodynamic phases present in MPCs remain so far unexplored.
Here, we present a first analysis of MPC organization based on a case study in the European Arctic. We perform cloud-resolving model simulations for stratocumulus clouds observed during the Aerosol-Cloud Coupling and Climate Interactions in the Arctic (ACCACIA) campaign ( Figure 1 ; Lloyd et al., 2015; Young et al., 2016) . Roll clouds form in strong advection events of cold air masses over relatively warm surface temperatures. In the absence of horizontal wind, the precipitating clouds establish an open-cell organization instead. The horizontal wind was omitted in our experiments in order to provide a first assessment of the impact of ice formation on cloud field organization independently of large-scale drivers and the complexities of the sea ice-ocean interface. The open cells were classified in our simulations based on dynamical fields of the subcloud layer following Koren and Feingold (2013) , with convective structures forming in narrow but strong circular updrafts (Figures 2 and S1 in the supporting information). The updraft structure is undeniably indicative of an open-cell organization, even through the cloud fraction is around 100%. We contrast the simulated field of open-cell mixed-phase stratocumulus against a supercooled liquid cloud, where all ice cloud processes are disabled. This allows us to infer the importance of the ice phase in terms of cloud cell properties and regime transitions. 
Model Description
We perform cloud-resolving simulations using the Consortium for Small-scale Modeling (COSMO) model in its configuration for idealized large eddy simulations (Schättler et al., 2000) . COSMO LES has been proven to simulate MPCs in the Arctic in reasonable accuracy (Possner et al., 2017; Eirund et al., 2019) . Our setup is based on model experiments by Eirund et al. (2019) ; hence, we refer to this study and the supporting information for an extended model description (DeMott et al., 2015; Hallett & Mossop, 1974; Nenes & Seinfeld, 2003; Ralph et al., 2005; Ritter & Geleyn, 1992) . We simulate a single-layer stratocumulus case observed during the ACCACIA campaign on 23 March 2013 (Lloyd et al., 2015; Young et al., 2016) . Our case is characterized by a well-pronounced single-temperature inversion at approximately 1,400 m, covering a moist layer between 300 and 1,400 m ( Figure S2 ; Young et al., 2016; Eirund et al., 2019) . The simulations are initialized with a dropsonde profile measured during the campaign (Young et al., 2016) . The domain covers a 70 × 70 km 2 large area around the location of the dropsonde release (75 • N, 24.5 • E), with a horizontal resolution of 200 m and a variable vertical resolution of 20 to 50 m throughout the boundary layer and coarser resolution above cloud top. To allow for the formation of organized structures within the modeled domain, horizontal wind speeds are set to 0 during the simulation. To avoid any external influence on the boundary layer temperature, we simulate only nighttime conditions, that is, incoming shortwave radiation is set to 0 at any time. The cloud microphysical tendencies are parameterized following the Seifert and Beheng (2006) two-moment scheme. Cloud droplet activation is calculated from the ambient cloud condensation nuclei (CCN) concentration, which is kept constant at a value of 100 cm −3 at every grid point, according to the observed cloud droplet number concentrations (Young et al., 2016) . Throughout the simulations the CCN composition is assumed to be ammoniumbisulfate. Prognostic ice nucleating particles (INPs) available for immersion freezing are treated as in Possner et al. (2017) . The INP concentration was initialized with 3.3 L −1 , which is at the high end of estimated ice crystal number concentrations (N ice ) in Young et al. (2016) , but prevents an underestimation of N ice in the simulated clouds.
To investigate the importance of the ice phase on the organization of MPCs, we altered our Control simulation by omitting all ice processes in the NoIce simulation (implying that all clouds only contain supercooled liquid), similar to simulations in Stevens et al. (2018) . To provide one scenario with intensified ice processes, we increased the INPs in the Control simulation by a factor of 4 (HighINP). Finally, we investigate the impact of a CCN-limited environment and decreased the CCN concentration from 100 to 20 cm −3 in LowCCN (Table S1 ).
Results
Mechanisms of Organization in Arctic Mixed-Phase Stratocumulus
Surface precipitation in Arctic boundary layer clouds typically occurs in the form of light precipitation (0.01-1 mm/day) and comprises liquid, but mostly solid precipitation Klein et al., 2009; Morrison et al., 2011; Possner et al., 2017; Shupe, 2011) . Here we show that these light precipitation rates enforce cloud field organization also in Arctic MPCs (Figure 2a ). The cloud field visualized in Figure 2 clearly features cellular structures evident as liquid and ice convective cells. These are accompanied by cold pools with a maximum of 0.8 K in regions of high cloud base precipitation (Figure 2a ). Hence, the evaporation and sublimation of subcloud liquid and solid precipitation is sufficient to form (small) surface cold pools, which induce divergent flow in the cold pool centers and convergence at the cell edges (Figure 2a ). This air mass flow leads to upward motion ( Figure S1 ) and the convective cloud structures seen in Figure 2 . At the boundary layer top the lifted cloud parcels are pushed out horizontally and the cloud detrains laterally. This open-cell cloud structure is maintained by a continuous cycle of evaporation/sublimation, cooling, lateral air mass movement, convergence, updrafts, and subsequent cloud formation.
Cold Pool Intensification in Simulations Containing Cloud Ice
To quantify the role of the ice phase within MPCs in contrast to supercooled liquid clouds, we compare the previously pictured mechanism in these two thermodynamic cloud regimes. For this purpose, we analyze boundary layer characteristics of the subcloud layer in the Control and NoIce simulations. As a consequence of ice formation within the Control simulation, LWP (defined as vertically integrated in-cloud rain and cloud liquid water) is reduced by 35 g/m 2 on average compared to NoIce (Figure 3a ). The averaged IWP (in-cloud ice, snow, and graupel) is 26.3% of the LWP in Control (Figure 3b ), which is within the range of Arctic MPCs Klein et al., 2009; Ovchinnikov et al., 2014; Possner et al., 2017; Stevens et al., 2018; Young et al., 2017) . The presence of cloud ice does indeed increase the total cloud base precipitation in our Control simulation compared to NoIce in the spatial average (0.70 mm/hr in Control and 0.44 mm/hr in NoIce; not shown) and in the spatial extremes, that is, grid points of cloud base precipitation exceeding the 85th percentile determined over the simulation domain (2.4 mm/hr in Control and 1.4 in NoIce; Figure 3f ). Whereas all precipitation in NoIce is rain, 45.8% subcloud precipitation exceeding the 85th percentile in Control is sedimenting ice, 42.4% snow, and 8.9% graupel, while rain is only 2.9%.
As a result of increased cloud base precipitation rates, more precipitation sublimates and evaporates in Control (Figure 3g ). This increased amount of sublimated and evaporated precipitation (0.35 mm/hr on average and 1.13 mm/hr exceeding the 85th percentile) cools the subcloud layer through latent cooling on average by 0.14 K/hr (Figure 3h ). As expected from theory, cold pools form and spread near the surface, which are slightly stronger in Control (Figures 2a, 2b, and 3i ). We did not find the increased amount of latent heat required for sublimation compared to evaporation to substantially impact subcloud layer cooling rates (supporting information and Figure S3 ). Therefore, changes in the subcloud layer cooling and cold pool strength are entirely attributable to changes in precipitation mass alone. In addition, we found that subcloud layer cooling and cold pool strength are substantially extenuated in a simulation where all precipitation and ice processes generally are inhibited (supporting information and Figure S4 ). In the absence of subcloud cooling and cold pool formation no cloud organization is established ( Figure S4 ). This allows us to conclude that precipitation intensity is the sole driver of MPC organization in this case.
To quantify the spatial scales of cloud organization, we apply the two-point correlation method of moisture convergence as introduced by Haerter et al. (2017) and described in more detail in the supporting information. The result provides a measure of the field mean cell diameter (Figure 3d ), which was further averaged hourly for all simulations. Generally, the individual cells grow with time (as also seen in simulations by Wang & Feingold, 2009; Haerter et al., 2017) . However, differences in cell size are at most on the order of 2 km, which implies only a small impact of cloud ice on cell size for IWP ≤ 30 g/m 2 .
As INP concentrations in the Arctic can vary by up to 4 orders of magnitudes and may remain elevated especially during Arctic haze conditions in spring (McFarquhar et al., 2011) , we increased INP concentrations by a factor of 4 up to 12 L −1 in our HighINP simulation. Simulated mean N ice increase but remain below 2 L −1 ( Figure S5 ). Consistent with a Twomey effect for ice crystals (Kärcher & Lohmann, 2003; Twomey, 1974) , the ice crystal radius decreases ( Figure S5 ). Averaged LWP reduces to 51.3 g/m 2 and IWP increases to 33.6 g/m 2 (Figures 3a and 3b) , such that IWP is generally ≥50% of LWP in HighINP. This response to an increase in INPs is consistent with previous studies Possner et al., 2017; Young et al., 2017; Young et al., 2018) and still within a realistic range for the Arctic environment (Shupe et al., 2008) . Despite the smaller ice crystals, the 85th percentile of cloud base precipitation in HighINP is increased (Figure 3f ). Most of this precipitation is snow (53.4%), which forms through accretion of several small ice crystals. The total mass of precipitation evaporated/sublimated in the subcloud layer is higher in the HighINP simulation, especially within the first 12 hr (Figure 3g ). This strongly cools the subcloud layer in the first hours (Figure 3h ). As a result, cold pool strength is substantially increased in HighINP compared to Control and NoIce (Figures 2c  and 3i ). To compensate for the strong surface density gradient, cloud cells are forced to expand laterally, which results in larger cloud cells in HighINP (Figures 2c and 3d) . These larger cloud cells imply an up to 70% increase in cloud cell area in HighINP relative to Control (Figure 3j ). During cell growth, the fraction of optically thick liquid and ice cloud structures decreases in HighINP, the stratocumulus deck thins, and the organized structures start to break up (Figures 2c and 3c) . Directly coupled to the altered cloud morphology is net surface longwave (LW) radiation (Figure 3e ). Specifically in HighINP, where the optically thick cloud cover decreases most rapidly, the outgoing LW radiation at the surface increases with time. In the absence of incoming solar radiation this implies a strong surface cooling in response to the thinning and breakup of the organized cloud structures.
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Hence, we conclude that for sufficiently high IWP (on the order of a 2:1 LWP:IWP ratio), cloud ice processes substantially contribute to cold pool strength and the spatial extent of MPC organization, and can consequently impact the radiative balance at the surface.
Cloud Organization in an Aerosol-Limited Regime
Similarly to INPs, CCN concentrations in the Arctic can vary quite dramatically, from only a few per cubic centimeter (Tjernström et al., 2014) up to a few hundred during Arctic haze (McFarquhar et al., 2011) or thousands in ship exhaust plumes (Hobbs et al., 2000) . A low availability of CCN is leading to fewer and larger cloud droplets according to the Twomey effect and thus potentially increased precipitation rates (Albrecht, 1989) . In our LowCCN simulation we test this mechanism and its relevance for cloud organization by lowering the ambient CCN concentration by a factor of 5 from 100 to 20 cm −3 . As a result of fewer CCN, LWP and IWP are reduced (Figures 3a and 3b ), which agrees with previous results of an increased (decreased) LWP and IWP for increased (decreased) CCN concentrations, respectively Possner et al., 2017; Stevens et al., 2018) . In addition, cloud droplets are larger (15 μm in LowCCN compared to 10 μm in Control; not shown), as expected from the Twomey effect.
Decreasing the background CCN concentration has a similar effect on the relative change in cell area as the intensification of ice phase processes. In the simulation with lower CCN, liquid precipitation rates in the cell wall updrafts increase (Figure 3f ). Increased levels of subcloud evaporation due to the elevated precipitation mass flux cool the subcloud layer and increase the cold pool strength (Figures 3f-3i ). Similarly to HighINP, the cloud cells grow, the stratocumulus thins, and the net surface LW radiation decreases in LowCCN (Figures 3c-3e) .
However, increased rates of precipitation are of shorter duration in LowCCN as opposed to HighINP. After the first 8 hr of the simulation, the high cloud base precipitation rates are decreased in LowCCN (2.3 mm/hr) compared to Control (2.6 mm/hr; Figure 3f ). This difference is mainly driven by the ice phase, which is highly reduced in LowCCN. The initially growing ice phase in Control contributes to high cloud base precipitation rates only once IWP has stabilized around 20 g/m 2 after 8-hr simulation time. The importance of the ice phase for precipitation formation is further illustrated by the contributions of the different hydrometeors to cloud base precipitation. Whereas sedimenting ice, snow, and graupel contribute 97.1% to cloud base precipitation exceeding the 85th percentile in Control, the ice phase accounts for only 35.8% of high precipitation in LowCCN. Consequently, after the first 8 hr, evaporated/sublimated precipitation in LowCCN is reduced compared to Control but increased compared to NoIce (Figure 3g ). As a result, boundary layer cooling and cold pool strength is qualitatively similar in the LowCCN and Control simulations (Figure 3i ) and the change in cell size in LowCCN relative to Control decreases to below 20% after 12 hr.
These experiments are supporting the finding that precipitation intensity is the key driver determining the spatial scale of open-cell organization. The phase of precipitation does not seem to impact the short-term change in cloud cell dimension. However, we find that altered precipitation rates and the resulting cloud and radiation changes persist over longer time periods if generated through ice phase processes rather than a depletion in CCN.
Discussion and Conclusions
This study provides a first insight into processes controlling mixed-phase stratocumulus organization as can be observed in high latitudes. We showed that the same mechanisms are at play in precipitating polar MPCs as have been observed in the subtropics. Consequently, similar measures to quantify the organization scales can be applied (e.g., Haerter et al., 2017) .
Generally, our results support findings by Abel et al. (2017) in the sense that ice processes induce a cloud deck thinning and a breakup in organization. Conceptually, we show that cloud ice strengthens subcloud precipitation through sedimenting snow, ice, and graupel (as summarized in Figure 4 ). These locally intense precipitation events induce cold pools at the surface of up to 1 K in HighINP. For larger IWP we find stronger cold pools and larger cloud cells in our simulations. Differences in cloud cell size are visible for a LWP:IWP ratio of approximately 2:1. The thinning and breakup of the open-cell structures lead to a difference in net surface LW between HighINP and Control of 11.9 W/m 2 , which implies 18.1% stronger cooling in HighINP than in Control. The enhanced outgoing surface radiation may have considerable impact on the surface radiative balance in the Arctic during, for example, polar winter. The illustrated process could potentially Figures 2b and 2c . In MPCs increased precipitation at cloud base via the ice phase induces strong (up to 1 K) cold pools at the surface (blue colors), which spread, converge, and lead to upward motion of the warmer surrounding air (upward arrows and red colors), forming convective clouds and broad downdraft region (downward arrows). Due to the stronger and laterally expanding cold pools, cloud cells are larger. Ice and liquid water are constrained to relatively narrow convective towers, with weak lateral detrainment of cloud ice. In supercooled liquid clouds, cloud base precipitation is reduced as compared to MPCs which results in relatively weaker cold pools and a thicker stratocumulus cloud deck in the absence of cloud ice.
be reinforced at temperatures favorable for secondary ice formation (Sotiropoulou et al., 2019) , where even higher ice crystal concentrations than simulated in HighINP may further increase precipitation and induce a more rapid stratocumulus breakup (Abel et al., 2017) . Nevertheless, open questions remain. Further work may want to investigate how these results might change with large-scale or surface forcing, which have been shown to impact midlatitude convective organization (Moseley et al., 2016) . In addition, a strong greenhouse gas forcing might lead to a stratocumulus breakup as recently shown by Schneider et al. (2019) .
Uncertainty still remains in terms of the role of aerosols available for cloud droplet formation in cloud organization. When limiting the background CCN from 100 to 20 cm −3 , we find a shorter-term impact on cold pool strength and cloud cell size as compared to ice phase changes. Miltenberger et al. (2018a) found substantially larger cloud cells in simulations of summertime deep convective clouds with higher aerosol concentrations compared to a low aerosol environment. In addition, these aerosol-induced changes were statistically significant compared to the uncertainty introduced by a meteorological ensemble (Miltenberger et al., 2018b) . However, their aerosol concentrations are much larger than observed for the Arctic environment and in deep convective clouds latent heating from condensation and turbulence are stronger than in shallow stratocumulus. Also in the simulations conducted by Miltenberger et al. (2018a) , the total aerosol concentration was changed, with no individual increase in CCN or INP concentrations. Generally, our results agree with their study, but we find a shorter-term response in cloud base precipitation intensity and cell size induced by CCN concentration changes as opposed to ice phase processes. Similarly, Xue et al. (2008) found that there is an effect of aerosol concentration on warm-phase trade wind shallow cumulus clouds, but of opposite sign as in Miltenberger et al. (2018a) ; that is, they found smaller but more numerous clouds for increased background aerosol concentrations. As observations have indicated an aerosol influence on the cloud regime (Wood et al., 2011) , this topic deserves further attention in future studies. We suggest to address the role of CCN and INP perturbations on different MPC regimes (e.g., purely convective, open and closed-cell structures) in future studies. Moreover, the impact of prognostic CCN, where collision-coalescence and sedimentation processes can clean out the boundary layer (Abel et al., 2017; Wood et al., 2008) should be investigated in more detail.
